ABSTRACT
Waking neurobehavioural or cognitive functioning is largely dependent on two mechanisms both in synchrony and in opposition to each other: the sleep homeostatic and circadian systems. The influences of these systems are particularly evident during periods of sustained wakefulness or sleep deprivation. Although the effects of these two systems on neurobehavioural functioning during periods of extended wakefulness have been demonstrated experimentally, there does not exist an adequate theory to describe the underlying brain mechanisms responsible for these neurobehavioural deficits. Much research has in fact concentrated not on understanding the nature of these deficits, but rather in counteracting them, via the use of countermeasures, such as naps and wake promoting compounds.
INTRODUCTION
Sleep is an active behaviour, which is a reversible, repeating state of unconsciousness that can only be resisted for a limited period of time. Although the exact function(s) of sleep have yet to be determined, it has been hypothesised that during sleep tissue repair and growth, learning or memory consolidation, and restorative processes are occurring throughout the brain and the body (for review see [1] [2] [3] . Therefore, it is reasonable to conclude that sleep does not have one single function, but rather that it is a time during which a number of necessary neurobiological, physiological and behavioural processes are occurring. Conversely, during sleep deprivation, either total or chronic partial, significant detrimental effects on physiology, e.g. decreased immune function (for review see 3, 4) , decreased glucose tolerance (5); and on neurobehavioural functioning, e.g., decreased cognitive and memory functions, decreased motor skills, increased sleepiness and fatigue (e.g., 5-7) have been reported. Further, it is evident that the physiological need for sleep created by sleep loss can only be reversed by sleep. This paper will briefly describe normal waking neurobehavioural functioning, as exhibited following adequate sleep, and how this may be modified by alterations in the sleep homeostatic and circadian systemsusing sleep deprivation as an experimental paradigm; provide some examples of real world situations where the impact of sleep deprivation is felt, and present possible hypotheses to explain the nature of these changes in neurobehavioural functioning.
CONTROL OF WAKING FUNCTION
The physiological and behavioural activities of humans are influenced by the interaction of a number of forces, the two strongest being the circadian and sleep homeostatic systems. Other factors that influence these activities include posture, activity (e.g., exercise), noise, light levels and mood.
The central circadian pacemaker, located in the suprachiasmatic nuclei (SCN) of the anterior hypothalamus (9, 10) , is responsible for the generation of circadian rhythms in the physiological, neurobiological and behavioural systems under its control, to achieve coordinated functioning throughout the brain and body. The circadian pacemaker is entrained to the twenty-four hour Earth day via external time cues from the environment, termed zeitgebers (11) . The most salient of these time cues is the light-dark cycle. Via entrainment to the twenty-four hour day, the circadian system achieves a balance between the timing of endogenous activities by the individual and the external environment, such that sleeping and waking, hormonal secretions, temperature fluctuations and neurobehavioural functioning all occur in synchrony with the environment.
The circadian system plays an important role in regulating the timing of sleep-wake behaviour, not only dictating the optimal time for sleep and waking to occur, but also influencing the duration of sleep periods, and the underlying sleep structure. Despite the strong influence on sleep activity, the circadian system is often defined as a wake promoting system. Acting in opposition to the wake drive produced by the circadian system is the sleep homeostatic system. The sleep drive strongly influences sleep propensity, and also sleep structure [especially evident following extended periods of wakefulness] (for review see 12).
During periods of sleep deprivation, the homeostatic drive for sleep, or sleep need, increases, producing an increased likelihood for sleep onset to occur, with an associated decrease in alertness and increase in fatigue levels. In addition to this escalating sleep need is the twenty-four hour variation in wake drive produced by the circadian system, which produces peaks and troughs in sleepiness and alertness across the day. Therefore, the magnitude of the sleepiness or alertness experienced at any given time is determined by summing the influences of these two systems. Consequently, it is possible to be more alert at certain times of the day later in a period of sleep deprivation, relative to other periods (e.g., during the normal nocturnal sleep period) that occur with less time awake.
In addition to influencing sleepiness and alertness, both the circadian and sleep homeostatic systems have profound effects on daily fluctuations in neurobehavioural functioning. Circadian rhythmicity has been demonstrated in a number of neurobehavioural variables, including: vigilance, arithmetic, serial search tasks, choice reaction time, cognitive throughput, shortterm memory, (13) (14) (15) (16) (17) . The circadian variation in neurobehavioural performance measures appears to be temporally related to the daily fluctuation in core body temperature (17-21). When core body temperature is high, neurobehavioural performance and alertness levels are also high, with reduced levels of neurobehavioural performance and alertness associated with low body temperatures. Further, it is when core body temperature is low that sleep propensity is high.
SLEEP DEPRIVATION AND WAKING NEUROBEHAVIOURAL FUNCTIONING
During periods of sleep deprivation, both total and partial, the combined influences of the circadian and sleep homeostatic systems become particularly evident.
Total Sleep Deprivation
Since the first study investigating sleep deprivation and human performance in 1896 (22) , there has been extensive research into the neurobehavioural effects of total sleep deprivation. With increasing time awake an elevated drive for sleep ultimately leads to uncontrolled incidences of sleep, or sleep attacks. These sleep periods may take the form of 'microsleeps' lasting for seconds, or may occur for longer periods of time. Intrusions of sleep into the waking state of sleep-deprived individuals is associated with a reduction in behavioural responsiveness or the absence of a response, or performance lapse. Even before sleep onset occurs, reductions in performance capability are observed.
Experimentally induced sleep deprivation studies have provided evidence that a wide variety of neurobehavioural performance measures are affected by sleep loss. For example, sleep deprivation deficits in reaction time (23, 24) , vigilance (25) , sustained attention (8), mental arithmetic (23), short-term recognition memory (26, 27) , logical reasoning (24, 28) , tracking ability (28, 29) , word generation, vocal intonation (30) and mood (23) have been reported by numerous researchers.
Since neurobehavioural performance is affected by both the homeostatic drive for sleep and the circadian phase at which it occurs, sleep deprivation induced deficits in performance do not occur simply in a linear fashion (20, 23, 29) . During sleep deprivation, the resulting pattern of performance degradation reflects both a linear component due to the homeostatic sleep system combined with a circadian pattern of performance variation. Furthermore, with increasing time awake, the escalating drive for sleep amplifies the circadian performance rhythm such that over successive days, the level of impairment at the nadir of the rhythm becomes greater (24, 31).
Partial Sleep Deprivation
Despite the widespread occurrence in the general population of restricted sleep schedules, producing chronic partial sleep deprivation, few studies have comprehensively investigated the effects of chronic partial sleep deprivation on neurobehavioural functioning in humans.
Early studies, conducted outside a controlled laboratory setting, typically reported no detrimental effects of chronic sleep restriction on aspects of neurobehavioural functioning. When sleep was reduced to between 4.3 hours to 6 hours per night for periods up to 8 months in duration, no significant effects on sleepiness (32) , vigilance performance (31) (32) (33) (34) , psychomotor performance (35) , addition, working memory or grip strength (33) were found. In addition, Webb and Agnew (33) reported no effect of sleep restriction on mood parameters. In contrast, however, Friedman et al., (35) reported increased levels of subjective discomfort, sleepiness and impaired vigilance. Since these studies were conducted outside a controlled laboratory setting, contaminating factors, such as the level of napping and extension of sleep periods by subjects could not be well controlled.
In studies where the effects of sleep restriction were examined under controlled laboratory conditions, however, impairment of neurobehavioural functioning and subjective assessments of sleepiness were evident. In a study on daytime performance following one night of sleep restriction, with subjects allowed 1-5 hours time in bed (TIB), a decrease in auditory vigilance performance, and a linear increase in sleep propensity during multiple sleep latency test (MSLT) assessment and subjective sleepiness was evident (36) . When nights of sleep restriction were extended beyond one night, cumulative increases in subjective and objective sleepiness (37) (38) (39) and vigilance performance were observed (38, 39) . Comparison of data from subjects allowed 5 hours TIB for sleep for 7 nights and assessed during the day for levels of objective sleepiness (37) or neurobehavioural functioning using a sustained attention task (38) revealed a high correlation (r= -0.95) between these two measures of alertness across days of chronic sleep restriction, from studies completed more than 15 years apart (38) . This finding suggests a high degree of stability in the response of subjects to chronic periods of sleep restriction.
There are few studies that have carefully examined the effects of greater than 7 days of sleep restriction on neurobehavioural functioning. Recent studies from Dinges and colleagues have begun to investigate the effects of 10 and 14 days of chronic sleep restriction, with sleep placed both nocturnally and diurnally, out of phase with the normal circadian cycle of sleep-wake activity. Preliminary findings further demonstrate the cumulative nature of chronic sleep restriction, with subjects allowed between 4 and 8 hours TIB for sleep during each 24-hour period (40) (41) (42) (43) .
Comparison with studies of total sleep deprivation revealed that 4 hours of TIB for sleep per night for 14 nights produced performance decrements equivalent to that those observed when someone goes without sleep for more than 48 hours. In fact, when subjects lived on 4 hours TIB for sleep for only 3 nights, they were performing equivalent to someone who had been awake for 24 hours (43).
The performance deficits observed when subjects were performing across the night and attempting to sleep during the day followed a similar cumulative pattern of decrement to when subjects are sleeping at night. The magnitude of the neurobehavioural impairment was significantly greater, however, reflecting a combined influence of the homeostatic and circadian systems (42).
POSSIBLE MECHANISMS UNDERLYING NEUROBEHAVIOURAL PERFORMANCE DEFICITS DURING SLEEP LOSS
The underlying mechanisms that produce deficits in neurobehavioural and cognitive functioning have yet to be fully elucidated. Several theories exist, however, that attempt to explain the changes in performance that occur during periods of sleep loss. One early theory was termed the lapse hypothesis (44) . According to this theory, transient, short duration lapses in attention and performance occur during sleep deprivation, which are interspersed among periods of optimal performance and alertness.
While several authors have noted performance lapses during sleep deprivation (e.g., 21, 22, 44-48), decreased performance has also been observed between these extreme occurrences of neurobehavioural dysfunction. For example, more global decreases in performance, such as a reduction in fastest reaction times on vigilance tasks (48, 49) and an increased variability in reaction times across a task (51) have been reported. These findings suggest a more complex interaction between sleep loss and neurobehavioural performance than what the lapse hypothesis proposes.
One explanation for the increased variability in performance across the duration of a performance task, for example a 10 minute sustained attention task, may be a reflection of state instability (1, 51) . This state instability is a result of the sum of performance lapses and a compensatory increase in effort, especially in highly motivated subjects. The performance lapses may be defined as errors of omission -a non-response. When subjects identify their poor performance and lapses of attention, they attempt to compensate and increase their rate of response, and produce both 'normal' responses and errors of commission -responding in the absence of the stimulus.
Recently, considerable attention has been focused on the potential mechanisms underlying neurocognitive performance, and the brain areas from which they are controlled, to provide an explanation of how sleep loss affects neurobehavioural function. One important area of the brain that is fundamental to neurobehavioural functioning is the prefrontal cortex.
A number of performance tasks thought to be putatively subserved by the prefrontal cortex have been reported to demonstrate significant impairment during sleep loss -both total and chronic partial, that is reversible following recovery sleep (29, (51) (52) (53) .
In addition to behavioural outputs of the prefrontal cortex demonstrating changes during sleep loss, increased activation of the frontal areas is evident during sleep loss also. Brain imaging during performance on cognitive tasks when subjects were sleep deprived had illustrated activation of prefrontal cortical regions (54-58).
Furthermore, imaging studies have demonstrated decreased prefrontal activation associated with decreased performance on arithmetic tasks during sleep deprivation, relative to following adequate sleep (60) (61) (62) .
It has been suggested, however, that activation and deactivation of cortical regions may reflect task specific effects during sleep loss (63) . In contrast to the arithmetic task, learning and divided attention tasks produced increased levels of cortical activation following one night without sleep compared to one night with sleep (60) . Moreover, a positive relationship between increased levels of sleepiness and increased prefrontal activation was reported. It is possible that this differential activation of the prefrontal cortex may represent compensatory effort to perform under conditions that are not conducive to optimal performance -i.e. sleep deprivation-induced sleepiness and fatigue.
One important factor that may influence the ability to perform the majority, if not all, neurobehavioural tasks is working memory, or sustained attention. It can be argued that without the ability to maintain either of these variables, if they are indeed two separate variables, neurocognitive functioning is severely impaired or impossible to achieve. It has been suggested that a central executive, or central attentional system (64, 65) controls working memory. Supervisory, or executive attention has been described as a primary aspect of working memory (66) .
Performance on working memory tasks has been reported to predict performance on a range of other tasks of cognitive function (66) . Consequently, it has been argued that performance on working memory tasks reflects a fundamental aspect of cognition. If this hypothesis is correct, it may provide an explanation of why simple monotonous tasks that rely heavily on high levels of sustained attention and working memory are more sensitive to sleep loss than more complex tasks that require a higher level of cognition in addition to these basic functions.
Interestingly, brain-imaging studies have demonstrated a relationship between working memory and the prefrontal cortex (56, (67) (68) (69) (70) .
Furthermore, the prefrontal cortex has also been implicated in the maintenance of sustained attention (66) . Hence, the observed link between sleep deprivation and reduced neurobehavioural performance on 'prefrontal' tasks may represent impairments of sustained attention.
COUNTERMEASURES TO NEUROBEHAVIOURAL DEFICITS ASSOCIATED WITH SLEEP LOSS
Despite the acknowledgement that adequate sleep is necessary for optimal waking functioning, people are always looking for ways to 'cheat the system'. Consequently, countermeasure development and assessment is an important and active area of current research. Intervention countermeasures to neurobehavioural deficits associated with sleep loss and fatigue include naps and administration of wake promoting compounds.
Naps
Investigations into the effectiveness of naps as a countermeasure to sleep deprivation induced neurobehavioural deficits may be divided into three categories: in-laboratory studies of naps, prophylactic naps and field studies.
Laboratory studies
The majority of studies investigating the effectiveness of napping as a countermeasure to sleep deprivation have been performed under controlled laboratory conditions. Naps have been investigated in the context of both total sleep deprivation and sleep restriction. Several authors have reported an increase in neurobehavioural performance following naps of durations ranging between 15 minutes and 2 hours during total sleep deprivation of between 36 to 88 hours (28, (70) (71) (72) . The effects of naps on subjective reports during sleep deprivation are less clear. While some authors have reported little or no subjective alerting effects of naps (71, 72) , others find elevated alertness levels following naps (73, 74) . Interestingly, Tietzel and Lack, (75) also reported an increase in subjective alertness for up to 60 minutes following the termination of a 10-minute nap.
In a recently completed study, Dinges and colleagues investigated the effects of diurnally placed naps to supplement nocturnally restricted sleep for a period of 10 days (41, 78) .
When comparing neurobehavioural functioning following an 8.2h nocturnal sleep opportunity each night with that following a 4.2h sleep opportunity, daily naps with at least 48 minutes (up to 144 minutes) allowed for sleeping were found to increase neurobehavioural performance above what was observed when naps were of a shorter duration (24 minutes). These naps, however, were not able to reverse the effects of restricted sleep on cognitive performance, with performance in the 8.2h group always remaining above that of subjects allowed only 4.2h sleep opportunity each night, irrespective of nap duration.
In the studies of total sleep deprivation and naps, both Dinges et al., (71) and Mullaney et al., (29) reported an increased effectiveness of naps placed early in the period of sleep deprivation, before a significant sleep debt had accumulated. These naps were termed prophylactic naps, and several studies have concentrated on the beneficial effects of these.
Prophylactic napping
Several researchers have reported on the positive effects of naps on subsequent performance, when the nap is placed prior to the build up of a sleep debt -i.e. prophylactic naps (71) .
The beneficial effects of prophylactic naps, taken prior to accumulation of a significant sleep debt, may not be evident until several hours post nap, especially if a significant period of sustained wakefulness follows the nap (e.g., 71, 79). For example, a 4 hour nap taken in the evening prior to a night of sleep deprivation has been demonstrated to increase neurobehavioural functioning across that night, and in particular across the circadian nadir when neurobehavioural performance is typically at its lowest (80) .
Naps taken earlier in a period of sleep deprivation, with only a mild accumulation of sleep debt, also produced significant beneficial effects. Following a 2-hour nap taken 6 hours after awakening, an increase in neurobehavioural functioning was evident during a subsequent period of sleep loss (71, 79) . Further, a greater benefit was observed following this nap relative to naps taken after a greater period of wakefulness (after 18, 30, 42 or 54 hours awake). Although an improvement in neurobehavioural functioning was evident, there was no effect of the prophylactic nap, or any subsequent naps, on subjective assessments of sleepiness.
This finding illustrates the divergence of objective versus subjective assessments during sleep deprivation, which have been reported previously, under conditions of total and partial sleep loss (71) .
Not only may the timing of the prophylactic nap be important, but also the duration of the nap allowed. Bonnet and colleagues (81-83) reported dose dependent increases in neurobehavioural performance following prophylactic naps of varying lengths (0, 2, 4 and 8h) during 52 hours or 1 night of total sleep deprivation. Further, Gander et al., (84) reported that a prophylactic nap of between 2 and 4 hours duration produced an increase in neurobehavioural alertness, measured using the multiple sleep latency test, equivalent to that reported following 150-300mg caffeine; and the 8 hour nap was equal to a 400mg dose of caffeine.
Field studies
Previous studies have reported that flight crews often experience uncontrolled sleep attacks during flight (84) (85) (86) . In addition, there have been reports of decreased performance levels, with lapses and brief sleep periods during long haul night flights (87) . In 1993 an advisory committee to the FAA in America suggested introducing a federal regulation that would allow planned napping on planes with a crew of 3 members (e.g. Boeing 747). SwissAir already allows for some napping by its flight crews.
A small number of studies have investigated the effects of naps during sleep deprivation in field rather than laboratory settings. Given that the majority of these studies have been conducted as part of military training exercises, sleep deprivation is not the only variable likely to induce deficits in neurobehavioural functioning and fatigue levels. Consideration must also be given to the effects of physical exercise, caloric restriction and the added stress of performance expectations. Following 4 days of sustained wakefulness, coupled with physical exercise during military training exercises, naps of 6 and 3 hours in duration were able to increase neurobehavioural performance (88) , although performance levels were not returned to baseline levels. In addition, the increase in neurobehavioural performance following the nap was associated with an increase in mood (89) . In a further study, subjects exposed to a 9 day training exercise demonstrated a dose related benefit of sleep, with subjects receiving 3 hours/24 hours tolerating the training exercise better than subjects who received either 90 minutes/24 hours or no sleep at all (90) . In fact, by the fourth day, all subjects in the zero sleep condition had withdrawn from the training exercise, and only 50% of those subjects allowed 90 minutes of sleep per day finished (91% of the 3 hour group finished). Although the subjects in the 3-hour sleep group reported a lower level of subjective sleepiness relative to the 90-minute sleep group, there was no difference in neurobehavioural performance levels between the 2 groups.
Sleep inertia
One negative aspect of napping as a countermeasure to neurobehavioural deficits during sleep deprivation, is the groggy feeling, with increased levels of sleepiness and reduced levels of neurobehavioural functioning that occurs immediately following termination of sleep. Upon awakening, neurobehavioural performance may actually be lower than prior to the commencement of the sleep period. In 1963, Kleitman (23) reported that "immediately after getting up, irrespective of the hour, one is not at one's best" (p. 124). This feeling was later termed sleep inertia. This phenomenon has been reported to last anywhere from a few minutes (91, 92) up to a few hours (93) .
Effects of sleep inertia are evident in a number of neurobehavioural variables including simple and complex reaction time (94-100); visual perceptual tasks (101); memory (102) (103) (104) ; time estimation (105); mental addition, subtraction, decoding and reasoning (90, 94, (106) (107) (108) ; decision making (109); logical reasoning (91) .
Studies have suggested that the intensity and duration of sleep inertia are dependent on sleep depth or intensity (e.g., 109), sleep duration (e.g., 93), the time of day (e.g., 110) and the sleep stage from which subjects were awoken (e.g., 108). There are inconsistencies regarding the effect of the circadian system on sleep inertia, however. Medical conditions may also affect the dynamics of sleep inertia. Chugh et al., (111) reported that patients with obstructive sleep apnea syndrome (OSAS) experienced changes in sleep infrastructure that were independent of respiratory disturbance and rate of arousals during sleep. The chronic fragmentation of sleep found in patients with OSAS produces an increased homeostatic pressure for sleep, and an increase in the severity of sleep inertia. This effect on sleep inertia was reported to be equivalent in OSAS patients and experimental subjects awoken across the night.
The time taken to recover from sleep inertia is not equivalent for all neurobehavioural variables. For example, tasks requiring use of gross motor skills, e.g. reaction time tasks, have a relatively rapid rate of recovery. Other more complex tasks, such as mental arithmetic and complex simulations, take a greater amount of time to recover. It appears that performance accuracy is more affected by sleep inertia relative to speed of performance (95, 96) .
Despite what is understood regarding the dynamics of sleep inertia, little is known about ways to reduce or alleviate this post-sleep decrement in neurobehavioural performance. Tassi et al., (104) reported that noise was able to eliminate sleep inertia following a 1-hour nap taken at 0100h, but not at 0400h. This finding was likely due to masking effects of the noise on performance at 0100h, that were insufficient to overcome the effects of sleep inertia around the time of the circadian nadir (0400h).
Several researchers have developed mathematical models of neurobehavioural functioning and alertness, based on experimental data collected under controlled laboratory conditions. In one model, the three main components that described these functions included: a homeostatic component, a circadian component and a sleep inertia component (93) . In this model, the sleep inertia component rises in a saturating exponential manner following waking. This is consistent with reports by Achermann et al., (112) , who described the time course of sleep inertia for both subjective alertness and objective performance measures using an exponential function.
In a subsequent report, Jewett et al., (93) described mathematical models to predict sleep inertia changes in subjective alertness and objective neurobehavioural performance (cognitive throughput). Alertness and neurobehavioural performance measures from the first 4 hours following awakening from an eighthour sleep period, on three consecutive days were used in the model development. Sleep inertia decreased in an asymptotic manner, and took between 2-4 hours to reach a trough. In addition, subjective alertness and performance decrements were equivalent whether subjects were allowed to rise from bed, eat breakfast, shower, and be exposed to normal room lighting levels (approximately 150 lux) or whether subjects were part of a constant routine protocol, where they were required to remain in bed, eat small snacks at hourly intervals and were exposed to dim lighting levels (10-15 lux). In contrast to Tassi et al., (104) , these findings suggest a lack of effect of environmental conditions on sleep inertia effects on both subjective alertness and objective performance measures.
Rest breaks as a potential countermeasure
Several studies have investigated the effectiveness of rest breaks as opposed to naps as potential countermeasures to sleep deprivation-induced neurobehavioural deficits. Only resting and not sleeping would avoid the effects of sleep inertia. These studies, however, have produced mixed results.
Heselgrave and Angus (113) reported higher levels of neurobehavioural performance directly following a rest break, relative to performance bouts placed later in testing sessions during 54 hours sleep deprivation. Similarly, Pigeau et al., (114) reported increased performance and alertness following rest breaks during 64 hours of sleep deprivation. Increases in neurobehavioural performance due to rest periods during longer duration performance tasks, e.g., 1 hour driving simulation, have also been reported (115, 116) , however, these increases were transient, and of a smaller magnitude than those resulting from caffeine administration.
Recently, the effects of mild physical activity as a countermeasure to fatigue in flight during a 6-hour simulated nighttime flight were reported (117) . Subjects were allowed five short (7min) breaks at hourly intervals throughout the flight, with mild physical activity or one short (7min) break in the middle of the flight.
Subjects allowed multiple breaks experienced decreased physiological sleepiness and number of sleep episodes, relative to control subjects allowed one break. Similar to work by Horne and Reyner (115) , the beneficial effects of the break periods were transient. Despite the positive effect on sleepiness, these rest breaks had no effect on neurobehavioural performance.
Taken together, these findings suggest only a short term, transient benefit of rest breaks on sleepiness levels, with limited or no effect on neurobehavioural performance. Thus, rest breaks may not actually reverse the fatigue-inducing effects due to performing during extended wakefulness, but merely mask them. Consequently, rest breaks should not be considered an acceptable alternative to naps or sleep breaks, despite the lack of sleep inertia related effects.
Wake Promoting Compounds
While the only true countermeasure to the neurobehavioural deficits associated with sleep loss is adequate sleep itself, wake promoting compounds are widely administered in an attempt to maintain performance levels in the face of fatigue associated with sleep need. Several studies have investigated the performance promoting effects of compounds such as amphetamine during sustained operations or sleep deprivation studies. Although compounds such as amphetamine have been widely demonstrated to increase alertness and neurobehavioural functioning levels (114, (118) (119) (120) , significant side effects have been associated with their administration. These side effects, including increased locomotor agitation, negative effects on subsequent sleep episodes, and the potential for addiction, have meant that compounds such as amphetamine are not widely endorsed as acceptable countermeasures to the neurobehavioural and alertness deficits associated with sleep deprivation and sustained operations. Other compounds that have also been widely studied, both in laboratory and real world situations, and that are associated with fewer side effects, include caffeine and modafinil.
Caffeine
Caffeine is one of the most widely accepted and administered alertness promoting compounds. In addition to its extensive use by the general public, numerous laboratory-based studies have investigated the effects of this compound on neurobehavioural performance and alertness, in both sleep satiated and sleep deprived subjects.
In the majority of studies examining the effects of caffeine on diurnal performance following a normal night of sleep, an increase in objective measures of performance (120) (121) (122) (123) (124) (125) (126) (127) (128) (129) (130) (131) (132) (133) (134) (135) and subjective assessments of energy levels and alertness (129, 130, 136) (127) reported an improvement in driving performance on a simulator following a restricted sleep schedule. During total sleep deprivation studies, caffeine administration has been reported to decrease subjective sleepiness and fatigue (121) , increase objective alertness, measured using the multiple sleep latency test (82, 129, 130, 140, 141) , increase mood (130) and increase performance on a number of neurobehavioural tasks, including sustained attention (72, 131) , divided attention (123), vigilance (123), mental arithmetic (132), logical reasoning (132), choice reaction time (133) and memory (72).
Caffeine plus
A small number of studies have examined the effectiveness of caffeine as an alerting agent during sleep deprivation in combination with an additional countermeasure: naps or bright light exposure. The combination of prophylactic naps and caffeine during twenty-four hours of sleep deprivation was reported to produce an improvement in neurobehavioural functioning, cognitive performance and alertness across the night (82, 132, 134).
Recently, Dinges and colleagues (72, 131) investigated the effects of naps (2 hours every 12 hours) with and without sustained low dose caffeine (0.3mg/kg/h for 66 hours) during 88 hours of sleep deprivation (simulated sustained operations) in a double blind, placebo controlled study. Relative to subjects receiving placebo and no naps, caffeine produced a significant increase in cognitive performance, for approximately 22 hourscoinciding with the rising portion of the plasma caffeine pharmacokinetic curve. When subjects were allowed the two naps per 24 hours in combination with sustained low dose caffeine, a greater improvement in cognitive performance was evident. Further, caffeine administration was found to significantly reduce the effects of sleep inertia on cognitive performance following termination of the naps (135).
Wright et al., (136) examined the effects of bright light exposure and caffeine administration to improve performance and alertness levels during 45.5h of sleep deprivation. The combination of caffeine with bright light exposure produced the greatest levels of alertness and cognitive performance, relative to dim light exposure with and without caffeine, and bright light exposure with placebo.
Modafinil
The wake promoting compound modafinil is currently approved for use in treating excessive daytime sleepiness associated with narcolepsy. In addition, several laboratory studies have assessed the effectiveness of this compound in overcoming the sleep deprivation-induced deficits in neurobehavioural functioning and alertness.
The exact mechanism of action for modafinil's wake promoting effects has yet to be fully described. In direct comparisons with other wake promoting compounds, modafinil has been demonstrated to be associated with fewer of the adverse events typically associated with stimulants like amphetamines, such as locomotor agitation and sleep disturbance. In addition, reports suggest that subjectively modafinil is more similar to caffeine than amphetamine (137).
Pigeau and colleagues reported on the ability of modafinil (300mg) to improve reaction time, logical reasoning and short-term memory performance and decrease subjective feelings of fatigue and sleepiness during 64 hours of total sleep deprivation (114, 138) . In addition, increased performance on reaction time (139, 140) , grammatical reasoning (139), sustained attention (140) and visual search tasks (141) and increased objective and subjective alertness (140) following the administration of modafinil during total sleep deprivation have been reported. During a simulated defense mission protocol with extended wakefulness and restricted sleep periods, and increase in memory, tracking and dual task performance was reported following administration of 200mg modafinil (142) . When the modafinil administration was combined with a nap sleep period, an increase in arithmetic and tracking performance was also observed.
Several studies have compared the effects of modafinil to those of amphetamines in maintaining performance levels during sleep deprivation. Modafinil has been reported to be associated with fewer sleep disturbances relative to amphetmaine during recovery sleep periods following sleep deprivation and drug administration (143) . In addition, Edgar and Seidel have demonstrated that, unlike other psychostimulants, modafinil reduced rebound sleepiness in various animal models, and appeared to reduce the requirement for recovery sleep (144). This finding is similar to Pigeau et al., (114) , where it appeared that subjects receiving modafinil required shorter durations of recovery sleep following sleep deprivation.
Positive effects of modafinil administration during simulated shiftwork studies, where subjects were required to sleep during the day and remain awake and active throughout the night have also been reported. Compared to subjects receiving placebo, those in the modafinil (200mg) group reported increased subjective alertness levels and performed better on a sustained attention task (145) . Further, there was no disruption of the daytime sleep periods associated with administration of modafinil.
In addition to the positive effects of modafinil, a small number of studies have reported mild adverse effects, with decreased efficiency of communication (146) and decreased subjective estimates of cognitive capability (147). In a study of helicopter pilots completing simulated maneuvers during 40 hours of wakefulness with three 200mg doses of modafinil or placebo, an increase in anecdotal reports of vertigo, nausea, and dizziness was reported (119) . It was unclear from the study whether these side effects were due to the flight simulators or modafinil.
SUMMARY
Waking neurobehavioural functioning is highly dependent on the interaction of the homeostatic and circadian systems.
The degree of neurobehavioural impairment observed in experimental studies of sleep deprivation -both total sleep deprivation and partial sleep loss or restriction -is determined by the time of day at which performance is undertaken, prior wakefulness, and the summation of these two factors. While it is often desirable to attempt to overcome or mask these contributors to neurobehavioural functioning, these systems are highly conserved, and relatively resistant to long-term interventions. While several countermeasures, including naps, (in particular prophylactic naps), and pharmacological wake promoting agents, (such as caffeine or modafinil), provide temporary reinforcement of the neurobehavioural system, it remains that the only way to truly reverse the neurobehavioural deficits induced by sleep loss, is to obtain adequate sleep.
ACKNOWLEDGMENTS
Supported in part by NIH grant NR04281; NASA Cooperative Agreement NCC 9-58 with the National Space Biomedical Research Institute; AFOSR grant F49620-00-1-0266 and The Institute for Experimental Psychiatry Research Foundation.
